Introduction
Experience has shown the inadequacy of rapid polarization techniques in evaluating the accurate pitting resistance of aluminum alloys. The results obtained by rapid polarization techniques more often do not correspond with the results obtained by long term laboratory and field studies. The pitting potential (Ep) obtained by the above technique has been found to be dependent on the scanning rate (potential sweep rate), and hence, it cannot be used as an index for predicting the pitting susceptibility of aluminum alloys 1' . When the scanning rate is high, a high current density can be observed only at potentials corresponding to short induction times. High scanning rates give more noble values of Ep than lower scanning rates is shown by work related to steel and aluminum2~° 3) . Potentiostatic and potentiodynamic techniques have been used to predict the pitting of aluminum and its alloys. There is, however, sufficient evidence to show that rapid polarization technique cannot be used to accurately predict the pitting resistance of aluminum alloys. In the quasi-stationary method, the potential is changed step- Table 2. 2
.2 Specimen Preparations
All specimens prior to exposure were treated with a hot detergent solution, potable water, and boiling benzene, respectively, for ten minutes and then with 50% acetic acid at 323 K for another ten minutes.
They were washed with demineralized water and acetone, and air dried overnight. The specimens were polished with a grade 600 emery paper and 0. 5 ,um alumina powder. The specimens for structural examination prior to seawater exposure were etched in a mixture of 0.5 ml HF and 99.5 ml water. After exposure tests, the specimens were washed with demineralized water and acetone, and air dried. The corrosion products were removed by a mixture prepared by mixing 20 g CrO3 and 50 ml H3PO4 (85 wt%). The specimens were ultrasonically cleaned in demineralized water and acetone after the removal of corrosion products. Pitting studies were conducted by optical and electron microscopy. Pit depths were also measured by a depth gage. are incorporated with it and each technique can be run as an individual experiment. In pitting scan, the alloy was polarized for one hour at a potential of -1200mVscE which is the passive range. The polarization is commenced from-1200 mVscE in the noble direction until the pitting potential (En) is reached (the potential at which the current rises very sharply).
It is characterized by a sudden surge of current. Polarization is continued until a current density of 100,aA/cm2 is reached at which point polarization is reversed and it is continued until the current density drops to a very low value. The potential corresponding to the intersection of the forward anodic polarization curve with the reverse polarization curve is called the protective potential designated as E5 .
(b) Stationary State Potentiostatic Method'", ") The specimen is polarized for one hour at -1200 mVscE . Six potentials differing by 5-10 mV each other are chosen in the vicinity of pitting potential obtained previously by the potentiodynamic method. Three potentials are chosen above E, and three potentials below Ep . The selected potential is applied and held for 16 hours or less if pitting corrosion is established earlier. At each test potential, current (i) is measured as a function of time (r), and i-z diagrams are constructed.
A new specimen is used at each potential. More accurate values of Ep are obtained by an extension of this technique based on induction time for pitting. The pitting potential is obtained by plotting the reciprocal of the time of pit initiation, that is, the pit initiation rate (i/z min-') vs. applied potential (E). The pit initiation Table 1 Nominal composition of alloys (wt%). Table 2 Composition of Arabian Gulf water (ppm)*.
rate is obtained from the current-time curves. The best curve through a maximum number of points is obtained. The curve is extrapolated to 1/r=0 (z=co). The potential at which the curve intersects the potential (E) axis is the pitting potential (Er).
(c) Tafel Plots The specimen was immersed in seawater for two hours prior to the commencement of polarization.
The open circuit potential was measured as Ecorr at the end of two hours. The polarization is commenced from the corrosion potential (Ecorr) firstly in the cathodic direction up to -1300 mV scE and to -700 mVscE from the corrosion potential in the anodic direction. The scanning rate was maintained at 10 mV/min.
The microprocessor fitted with EG and G model 350 A examines the data on both the cathodic and anodic sites of the corrosion potential (Ecorr) to find a straight-line segment which would yield a Tafel constant. The resultant value of current density was obtained by the inter-section of the extrapolated straight line segment to the corrosion potential (Ecorr). The corrosion rate is directly recorded by EG model 350 A fitted with microprocessor.
(d) Polarization
Resistance This technique is also called "Linear Polarization" and it is now a well-recognized technique of measuring corrosion rates. The specimen was immersed in seawater for forty-five minutes prior to the commencement of polarization. The experiment was performed by applying a controlled potential scan over a small range of potential (±25 mVscE) with respect to the corrosion potential. A scanning rate of 10 mV/min was used. The slope of the potential current function at Ecorr (polarization resistance) was used with Tafel constants (a., Q,) to determine Icorr and hence the rate of corro- Fig. 1(A) . The values of Ep and EPP obtained from the loops for alloys 2778 (H) and (0) and 2777 are shown in Table 3 .
The values of EP and EpP are dependent on scanning rates. It has been observed that the pitting potential shifts to less negative values with increasing scanning rates. A maximum shift of 35 mVscE is observed for alloy 2778-H on increasing the scanning rate from 10 mV/mm to 100 mV/min. A change in the scanning rate from 1 mV/min to 10 mV/min does not affect the pitting potential (EP) significantly.
A scanning rate as low as 1 mV/min does not appear to have any significant effect on the reproducibility of the curve. At a scanning rate of 10 mV/min, sufficient time is allowed for chemical equilibria to be attained without adversely affecting the reproducibility.
In contrast to the pitting potential (E,), the protection potential (EP) is relatively less affected by scanning rates. As shown by the present investigation, the difference between Ep and Epp, i.e., DE cannot be taken as a measure of pitting resistance of aluminum alloys as suggested by many workers")-").
The pitting resistance predicted on the basis of AE contradicts the pitting resistance predicted by more accurate long term tests conducted (Table 4) . It is to be understood that it is the pitting corrosion in aluminum alloys which is a major concern and not crevice corrosion.
If A E obtained by potentiodynamic technique is taken as the criteria to distinguish the alloys, that alloy 2778-0 would exhibit the highest resistance (least value of AE) and it would not be possible to differentiate between the corrosion resistance of alloys 2778-H and 2777. The maximum pit depth has been used as a criteria to determine the pitting susceptibility as recommended by ASTM. The difference between the pitting depths of the alloys is very small. However, alloy 2777 shows a slightly higher pitting depth than alloy 2778 Table 3 Electrochemical parameters.
H -Strain hardened 0 -Annealed (H) and 2778 (0) thereby suggesting its pitting resistance to be slightly lower (Table 4) . Also, virtually no distinction can be made between the pitting resistance of alloys 2777 and 2778-H on the basis of zE. It has been further observed for a larger number of alloys14~ that the difference in LIE is too small to allow any prediction on the pitting susceptibility to made. The difference between Ep and Epp has been frequently used in the past to predict the crevice corrosion resistance of aluminum alloys. The above criteria is not applicable to the pitting corrosion of aluminum alloys investigated.
A representative Tafel plot and linear polarization curve of alloy 2778 (H) in Arabian Gulf water is shown in Figs. 1 (B) and 1 (C), respectively, and the electrochemical parameters for alloys 2778 and 2777 are summarized in Table 5 .
A satisfactory correspondence between the two electrochemical methods used for determination of rate of corrosion has been obtained as shown in Table 5 (A). The corrosion rates obtained from I corr from the polarization curves clearly show the higher corrosion resistance of alloy 2778-H and 2778-0 to general corrosion compared to alloy 2777 which is also confirmed by the results of long term studies shown in Table 5 (B). The results obtained by linear polarization method show slight variation from the Tafel plots because of shorter exposure time given by the linear polarization technique. It is also observed that heat treatment affects corrosion as shown by the difference in the corrosion rate of alloy 2778 0 (annealed) and H (strain hardened).
On the basis of values of pitting potentials shown in Table 3 , Ep of alloy 2778-0 (-708 Fig.1(A) A representative potentiodynamic pitting scan of Alloy 2778-H in Arabian Gulf water. Fig.1(B) A representative Tafel plot of alloy 2278 (H) in Arabian Gulf water. Fig.1(C) A representative linear polarization curve of alloy 2278 (H) in Arabian Gulf water. mVschh) is more negative than EP of alloy 2778-H (-687 mVsco). Also, EP of alloy 2777 is nearly of the same order as that of alloy 2778-H. On the basis of EP, alloy 2777 has the same pitting resistance as alloy 2778-H which is contrary to the long term exposure results ( Table  4 ). The corrosion rates were obtained from short term electrochemical measurements (Table 5) , such as Tafel plots, and linear polarization. In Tafel plots linear anodic and cathodic regions are characteristically exhibited. It is considered as to be more accurate for determining the rate of corrosion, which are in agreement with long term corrosion rates reported in Table 5 (B). Pitting was predominant on the samples exposed to weight loss tests. The long term weight loss tests are considered to be generally more reliable than the short term electrochemical tests. The pitting resistance of the modified aluminum alloy cannot, therefore, be determined accurately on the basis of values of Ep obtained potentiodynamically.
Working with a larger number of aluminum alloys, it has been observed that the order of pitting resistance obtained by the potentiodynamic technique does not correspond with the order obtained by long term exposure studies".
In view of the above limitations, the pitting resistance of aluminum alloys differing slightly in composition cannot be accurately predicted.
It has been previously reported that only one characteristic potential, i.e., pitting potential (Ep) exists for aluminum alloys"','")The present investigations clearly show the existence of two distinct potentials, pitting potential (Ep) and the protection potential (Epp) (Fig.  1 ). Pits were not observed to develop below EP, on examination of the corroded surface at potentials below the Epp ( -1300 mVsce) .
3. 2 Po tentiostatic Studies"',") In view of the inadequacy of the potentiodynamic technique to accurately distinguish between the pitting resistance of the alloys slightly differing in composition, stationary state potentiostatic technique was employed to evaluate the pitting resistance.
The potentiostatic method depends on the analysis of variation of current with time when a fresh specimen is subjected to a pre-determined potential. The values of pitting potentials obtained by the potentiostatic method are shown in Table 6 . Pitting can, therefore, be distinguished from re-passivation within a range of 10 mVscE as shown by the above values. Typical current-time curves for alloys 2778-H, 2778-0, and 2777 are shown in Figs. 2-4 . The accuracy of Ep values obtained from the above curves is Table 6) .
The values of Ep shown in Table 6 correspond to the onset of pitting within a ±10 mV range. This was also confirmed by metallographic observations. Compared with the above technique the correspondence between Ep determined potentao-dynamically and onset of pitting was less accurate (within ± 25mV ) and in several instances not observed ( Table  3) . The protection potential, Epp , values were also obtained with a greater accuracy by determining the pitting potential from the potentiostatic current-times technique (±10 mV). The values obtained by potentiodynamic technique at a scanning rate of 10 mV/min (Table  3) differed from the values shown in Table 6 by 40-60 mV. Even at a slow scanning rate of 0.1 mV/min, the difference persisted. It is to be observed that the Ep values obtained by the potentiostatic technique (Table 6 ) are more active than those obtained by quasi-stationary potentiodynamic techniques (Table 3) . The values of Ep obtained from the plots of 1/z (induction time) vs. E are shown in Table 7 and Fig. 5 . They are reproducible within ± 5 mV.
If these values are compared for the three alloys it is observed that the order of pitting resistance corresponds with the order obtained by the long-term exposure studies. There is, therefore, sufficient evidence to suggest that the stationary state potentiostatic technique is 
